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1.1 EOERELEWN

ZR— OEBEFHINZIBVT, DLT i (Direct Linear Transformation method) 73—
WCHWLILTWA, DLT i, #EROET A A T2 AWTHBRE I f T ~—D %
REL, ~—HD 3 WM @EERESHLHIETHD. LnL, AT E~v—HDOMICHEE
Mo DA ITITEFHIICE 22y, FHHELPH A AV GEE) 2 FHI9 2 72 DIciE, RKEE v &
TLARRENZRY, @A NMIRLIEOMENSS. £ZT, KA MTHY, fHHGH1HD
R ICHIR S A2 WEHIIS IR CTh 2B (v Mmoo, IdEE )
ZROCIEBEHIES OB BRENTWD. B I, TE, VYL - SRS E L
CHEATED, AR—Y 15, ERLPOHE, Kool cEHILTHS. L,
B OGN DFHIERIZINEECAEE CH Y, FRESFHICHBWTEER
B CThHLEBMERZEREFT L ENTERD. Ux A bbb B3GR HH
TH-0IE, ARELZEOEETOIVLENLLIDN, VyA ok VYoEhcEEND R
U7 NRENEREL, FHURFM OIS & & SITHENMETT 5. 2, MEEE G
R EFENT HLE1E, FAE®ASE LT, NEEE 3 3 280l (I
HENREE, 30 « BERRIEHEE) RNRREL 72D, - T, FREFROMITICE W THW S
2 IEE P RIBEATCE) ) IR I, BRSO METH DT, HMEE 0 B
REMER 215D TIEORENVETHH.

ZIT, VxAntrYORY 7 NMILAEEEMIET S HIEE LT, Kot V%
HAWTHEELZMIETA2EoY « 72—V 3 UBRERRENTEY, 2@y ako Y, 2
AR b — L, EyFRAEHEET D HE Y, 3dhY v A ok ¥, g
R o, 2 iR b n— b By F - =M EHEET S HED , 3T v A o
T, SWIEEE W, 3ER e L b r— L By T I — AR HEET 5 RO,
U g =S = EET B HEVENMER SN TVS. L, Zhooky S 72—
3 VFAR =Y OFEHFHNAEZITO ZEAHE LI b O TR, BfIEE N RKRE N A
A= OEEFHZ1T > HA I, BEMITT 5. FEEOIE, Bt ¥, ikt
P EEH LGRS AT 22 W« 7a—Ta VOREEITSoTEY, #hr9hnE
BB R L - EEWAEHTET DB Y« 72 —Ta VOREE - A% —F—~
OO, s - PERILEE RS OFBIIIE Lt oY - 72—V 2 v oY %2175 T
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WD, WHENRE AR E < 25BN TUIH B EESL Z L3 L. INx <,
INSOHEE, ARG ORBEEZFIET 572012, Kt PG bS5
FANWTEY, BEGIHEAPRERLEIREIC X OMGNLOEE L 2T D 8REE T WL, aE
RFA9 % . Roetenberg 512 & > TRIFTHI R BEEAMELIC S il RE 2 HIECONRIBE SN TV D
DN, ERHBRBEGAELNAFEAE L TV DERE FIZB W T, G2 ERMICEHIITE v,
Rt ERAWT, IEEE Y ORERAWEZ R 7 FRZEORIEEE LT, SRElEMt
JERE A IO - B A R MR R SN TR Y, o EIBME 0 XS54 1 HH
FERFERIC I W CTHB R FIETH 525, 3 B HERIFNIZITIS LT,

bR, BRINEECHSNELIC K o220, YyA ek N7 MNRE
% 3 I CHIIET 5 FiEORERVETH D, KinSC T, FXTEEEER OESE®ICE B
L, IEEE Y OLOEFEREHNTY vy A 2O RY 7 FgAEE 3 IRGTATHIEL
T BEERAEHEE S D HELZRET D, AAER, WEMHEEIZ L5 ELERELTEY,
iR R L2 & BREGANELIC K DG 2Tz, BEIINEE o
BLOFEAET DR T2 2 FHEE I ~DISHN GG TE 5.

I BT, RSUTHE, HEE L2 SIRTEBMEEILE A A ¥ — « X — 2 OiEEET ~ R L,
AF—F—0D 3 WITH RIEBNRT H1T 5 .

AX—([IMBEVVERICE LENTWVWDAR—=YTH Y, AX—|ZBTIH98I%, Hx e
THIZEBWTITOITWAD., TR A —FHEICIT 5 HTOBERF RS & HRE L
VXA B B DB RSB BT HHFE, R F—IEEGHE I a5 &, =
F—i# B2 OMEICIT DL WEORELESEICEIT D, AX—RFOREEICET
DO O F BT RV DO ER GBS M TP TV S, T
SRV TIE, AX—ROWERCB T DENSAFH @, 2% —aR v Loz @)
2% — MBI E OB EE @ s uxp b ) —2AF—(2Bl) 5 R—VERTES
2 WD IEBREZHNT DAL T 4 v TV AT AOBFK%ERITOA TS, LnL, &
X —IIERAFBEOF M A EECTHETDIAR—YTHDHZ LD, DLT EE2EHATS 2
ENREEL W0, FEIREICKIT A Y —OHAREBFHNICET A RITIE E A LT
TRV, ZD728, AF—FHEOEEEICRW T, fREE ORBRPERITKRT L
T AR VR, FHEZITo TWAONBRTHSH. L, EEMR ATV BT
RIFEEIT O 72O, AX—Y—OH#EBZEREMNIIRL, AF—« X—LDAH=X A
BTS2 ENVERARTH D, AF—Y—OHHESFHNCETHEE LT, %
WBEICBIT D AF—F —OYWEMER, MRS, MEEEIHICEE T 285 @17
NTNDR, 2O TITHEEND - D L — > OE#EfiENT 217> Tk v, &
IHEE DR Z R R Z — o OBBFEIT 217 5 5A120E, RBEMET T2 r6ERS 5.

PLEXD, WHEMEENRKEWNGEICS 3 LK REHERETH D, ABFETHE
LT HEEZ AKX — « = OEEIT~REA L, A¥F—Y—0 3 WA IREMNT 217
HZEITEY, THETIHFHTE R Tm@mli i # — o O REB RN 21T 5 .
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BV 2 W 3 T BBHEEIEOREE L, KGiEZ HWZEIBEICB T 5 A% —
Y —OEBNFEAVAT, BRI, EAREERTIC OV T, ITFIORT.

1. B2 WS RES GRS D 3 T BEHEE E DR
2. BB AW EIBEICBIT A AF—Y—0 3R ITEEEH
3. EBMEELYERAWEI—E LT X =, AT g T A — L OER IR

4. BME - hREBEV AT LERAWEI— L TR —2, AX T 4 TR — D&
B 1S EAT

5. FEREFHNC X D A F—Y— O FEmRIHEE & EB R

1. MEME oY &2 AV EES I D 3 T BB HEEEOREE ] <L, BRghn#E
E,M%%ﬁ@%@%ﬁﬁfm,Eﬁt/%mﬁﬁ%%6ﬂé%%%%wfv%4Dt/

YORNY 7 MIEL2BEZMELL 3 WTEBERELHEET OH LWL HELRET L. £
t,I@M@E,M%%ﬁ#%%?%FWT B OMEEERZATH 2 LI2X Y, AHEE
EOAIEZ =T

2. MEMEE 2 HWZEIBEICE T 2 AX—Y—0 3 RnBBGHA <1, EEe Y
ZRO AT T2 A=Y —IC X DFHAIERZITV, R LT 3 BB HEEEZ AT 5 2
LITED, EREICBITDLAX—Y—OEEGFHIZIT 5. AFEITWEINREEIC L D8
BZTRNEND, ZTHETOHETIHEHIITE R o omle Z — 2 OiEE) 2 FHA W]
BECTHDZ L ERT.

QMEME Y EHWE— L T X =, AX T ¢ T H — ORI Tl
N—ETH—, AXyT AT HE =2 ETI A= —OFHAER L 3 k& @%m
EOWERAZITY. &6I2, BRRMEOX — B 14— (EX—r o2 —)
OEIZEFER L, ¥ —REEOEWI L DEBOENEIRT.

4, MEM - hRer AT L B0 —E U 7=, AX T 7 H— 2 OiEH)
JVFRAT ) TUE, MR Y 2 W TOEE G S X T A L T Y A W F ) EHR
VAT LEGA LB R ATE A E L, AF— Y —OEIBFER~OEAEZTY. £
7z, Z—rHDONERIE R LI 217 9.

5. IFAEFHANZ £ 2 A% —Yv— O N R IHEE & EEFT ) T, AF—F—DAK
NIEBOFFIHERICER L, AF—V—ORFEFRIC 3 WBHRET VEEAT L Z L1
Ko CTFIEAENHEEZITS. £, TEHENOZEIZER LIcir 211w, ¥ —r%
1T 9 TeDICEHBE R HIERE T
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1.2 EREmXDHERK
[ 1 %] R, NinXoBE s BB LUK W TR~ 5.

[ 2] FH2=ETIE, B2V 3RTEBHEEEOHE L, BERIEE21T-o 72
F%_wai ~_AG,

[F3FE] FHITETIE, EEELVZROMfI A=Y —ICL DI —E 77— DFH
EBREITV, HE L2 3R RS HEE L2 AT 2 Z Ll G fRico
NWTIkR A

[ 4 %] #43mTIE, BAZEEOZ — BT 52X —Y—DEBOEZ 7T 720
H—E LT H—= AR T 4 TR =0 5TH) AF—T—ODFAFERE, 3K
REHETEVEOW A 21TV, EENIFERIERNT 21T - T2 ROV TR 5.

[5] H5ETIE, B E2AWEIGHIC 2T AL 6t EHAWEE
R A1EH S AT & OFR LT 8 ) P RRATIE OREEL L, A ¥ — Y — o i#EB)
WO TV, X — A —Y =R L= JIZEB LT 217>
FHRERIZ W TR A,

[(E6F] H6ETIE, AX—T—OFEFEHFRICIWTCHBEHRET VEEHATLHZ LI
Ko CTIHEMEDNHEE Z1TV, TR OZLIZE B LIt 217> T2k 5

IZOWNWTIRR B,

[55 7 %] #am ClE, AmLOH 2 D 6 HE TOREEZIT D
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F2E

Bt 2RO -SKEZERICE TS
SRTEBHEEDEE

The purpose of this study is to propose the measurement method of 3D posture using
inertial sensors. The proposed method estimates the 3D posture (Roll-Pitch-Yaw angles
in local coordinate) using the 3-axis angular velocity and the 3-axis acceleration. The
3D posture is compensated for the drift error of gyro sensor output by the translational
and gravity accelerations of accelerometer output. The nonlinear state equation and the
nonlinear measurement equation were established to estimate 3D posture. The Extended
Kalman filter and the Unscented Kalman filter are applied to these equations. The
measurement experiment was conducted to clarify the accuracy of proposed method
using the experimental setup installing the rotary encoders. The results of the Unscented
Kalman filter indicated higher than those by the Extended Kalman filter. In addition, the
proposed method estimated the 3D posture compensating the drift error of gyro sensor
in the measurement experiment generating the translational acceleration. Therefore, the
proposed method can be used for the measurement of body motion.
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21 HE

ITHED MEMS £4t7(Micro Electro Mechanical Systems Technology) D ¥ &2 L v, Bt
P (Ur A mot, MEEECY) 1L, MU, S ESEATE Y, AR—Y T,
R T4 B I WO TEMEE v & W TEBFHIENRR S T 50O, Hik@EshEf
AICHNTIE, BICBEEHRZ MO DLT BB R TV S, Y AT L@ A b
ThY, FHUEHOHIERH D Z Enh, Ka X M THY, 5 orHHEEICHIR S
PRVEHHIATTRE T H B EME I 2 W HERHIf S TV 5.

LinL, EEE YL LELNLFHIERIL, AEE - EETH L7720, EBEEITIC
BWTHEZREDEFER CH D, BEFREEEMEET D2 08 TE R, BRI E
OFHEHRZ O TEBMEREHHETH0ITIE, Vv A akrInbEbh D fsE)
SOEH - O EITOLENRSD. LrL, Yy awrdofhicix, KUV 7ML
BENGEN TSI, BOHEEIT) LT OMENEMETSH. £2C, FUZ MK
HAEEMET HHEEL LT, EEE LA EMNEE L, KT
LIFONLWSERND Z LIl TRREZMET 28« 72— a UBEEINT
W5 WOOO = HEE, Py At Ho R 7 MEREEMIE L KBS A HEE
THZENTELN, MMHEY O HICE SN2 BRINEE QEEIMERE, Ei - B
PRAINEEE) ZHEME E L THIEL TWAY), BIRINEEORXEETIEIRY 7 o
MENTEP, BEMETT 5. BIIEEIC L 28BS 2 H1E®, i - BN
FEDEBRICHE LIz FIEOBIER S T0 B8, WIS K& < 25 EHcB VW TiE+
DIREEERD Z EITH LY. S5, ZbDFIEE, FARSOBEEZMIET 51z
DIz, MR bELNMEEAVTEY, MIGRERSESESIC L DIEIML
DR Z T HRE FICBWTIE, BRENEETDH. 22T, BV ECHGIMELIZ &
DEBEZITP, VxAuk Vo RY 7 NEEE 3 RITTHIET 5 FIEORE, A
VETH 5.

ARIFFETIE, AR OEIFERICED L, MEHEE VP OHROFEHREHNTT ¥ A
O YO RY 7 MREE 3 WTHICHIE LI B8R AHEE T 5 HIEEREL, T0H
IMEIZOWTHRFIZIT 9. AFEE, WEMEEIC L2282 ZE L CBh, MKt
FEMEH LN LD DRIGINELIC XD E L 2w, BRI R SN ELO R AT
5 BB NIZBIT 2 FEBFHI~ OIS AR IR TE 5.
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2.2 REMTEE

221 FHRIVYRAT L

AFETHNLFHIT AT A& K 211 d . AFHIIS A7 A0, 3qhy v A vk
(Invensense, 1TG-3200, HIE#iPH : +2000[deg/sec]), 3 Hilihm#EE+ >4 (Analog Devices,
ADXL345, HIEFIPH : +16[G]), 3 HlHIEE <& >t (ZZniddl, AMI304, I E i : +6[gauss])
DS NTIRY, 3 @oOMEE, MEHE, WGEFtHETHL. 0o DR
ZEUSL, PC ~EET5H7291Z, PIC <A 22> (Microchip, PIC16F88) Z{HH L T\ 5.
AFHAIY AT LD K E X% 68x18x7mm, HE X 389 TH 5.

Fig.2.1 Measurement system

222 WEARBHEE

FHAIBAARIRF I E R IE LTV, IEE ' X EDINEE O A% )3 5. ENEE
DHTIE, HIBEKE N OELND FAAKD G LR, M ERERO 3 I
W RBMEREZGD Z LIXTE R, 22T, FEXEERD 3 W REE 4 B INEE
NOEMT 5. 3 WL REMEM & BN E OBURIIIFIE L e D7, JKEILV~ T ¢
N NTHEET 5.

FEXFERE R D 30/<7|: REfERET—L - By F - I—MATRETDHE, V7 i+l
e U 7 i ~OEEATH Ry 1ZRQRD) LV EDR, ZHEND Y > 7281 % B IEE
'g, Mg LEEETHIOBERITIRR)EVELNS.

R =R(v R0, Rl 0,)

cos'y,, —sin'y,, 0||cos'd, O sind,|[1 0 0
=|sin'y;, cos'y,, Of 0 1 0 10 cos'p, —sin'g, (2.1)
0 0 1||-sin'd,, 0 cos'd,||0 sin'g, cos'p.,
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|g:iRi+1 |+1g (2.2)
ng i+lgx

|g: |gy ’ |+lg: |-+1gy
|gZ |+lgZ

22, g Gy IABHEEERICE T 5 R — L, By T, S—HTHS.
EE AT, HMIARIE TR, RN R AL, SRR L~ T s W

AT 52 & T, IR EHEET S, IERBIRES R, IEREEIN TR s T hE
nR(2.3), 2.4

Xt+l = F(Xt)+wt

(2.3)
i(0i+1 iq)i+1
Xt = I9i+1 ’ F(Xt) = IHiJrl
Il//iJrl Il//iJrl

¢ ¥ HR+V (2.4)

T, W, WIHABAHESETHS.
WED LT 4 B T S0, (25), KRR F) Lk HE)DRIS fx) &

h(x)z EnZiatE L, RQERN)~RQANTRTIEI L~ 7 4 B2 7T ) XL HEEMEN
WS 5 ETHRVIRLHAFET LI LICLY, YIMESEHET 5.

0 FX,) (2.5)
tx F .

(2.6)

0 HX)
)0

0
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= Kx 2.7)
P LR W, 2.8)
= K 'Ph [Ph+V)~ 2.9)
. P(—-1 KRR~ (2.10)
¥ ¥ Ky Hx) (211)

ZIZT, W,V idFaER AR, Bl A XOIGEITIITHY, FRThY vy Ak
P AR, INEEE Y A X&2ER L, W=diag{0.01% 0.01% 0.01°} , V=diag{0.01% 0.01%,
0.01%,0.01% 0.01% 0.01%} & L 7-.

223 EENTOLEBHT

EE PO 3 WITEEBERAHEET 70D Y s Ta—Va vk, M22107T 20 v
7 BT ACET B A, NEEOBRE VTR T 5.

BEE i+1 L 45 U v 7 IZY AT D I Y oA & o BIRMIER(2.12), (2.13)T
Bonsg. BEENOIEEY Y F COREENIFIE - EDSHE, NQRI)DOBRE, Y x A
2O, Mo L THRLNLANEE LY, K(2.12), (2.13)DH 2 FHTH L il
WEERLSY, B 3T T DHEMINREE Ry & St FRETH 5. BIF i+1 Z U & L7 &
W O IR RSy & RIS RS OFI % A, A & T DL, BIEE L L H SO
BAfRIE, KQB)EVWRTZLENTED.

Joint i+1

D1 Link #+1

i+1

D Measurement system

Joint i v

Fig.2.2 Two link model for sensor fusion
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‘A=A o X ox " ox r+'g 2.12)
Ia'X Ia)X ICi)X I X
‘A =l"a, |, 'o=|'0, |, 'o="0o, |, 'T=|"T,
iaZ |a)Z ia-)Z |rZ
i+1 %\ iA+1 — _a'5+1 x('5+l ><i+"l._iﬁ Xi+1H-i+1g (2.13)
i+l i+1 i+1 i+l
X X X X
i+1 i+1 i+l | i+l i+l - | i+l i+1,. _ | i+l
Ap - y @= y|r @= y | V= y
i+1 i+1 i+1 i+1
pA z zZ z
i i i+l il
i A :giB( A+7g (2.14)
i i i i+l S
Ap+ Act: Ri+l( Ap_ t (2.15)

ZIT, wh 0w TV 70 il OEE, Awy AW EY 7 ERER, U S i+ R
RITHBT DB i+1 ONEE TH D, ATV 27 VIR AT SR IBEE O,
MIAE Y 2 L ICERD T DR IEE O Th D, T BEE i+l )
CELD AT DA IEE o E TOMENY ML Th Y, " 2 i+ 2 n U > i+
WZHY T ST IEEE o ETOMERT ML ThDH. 728, XITFMETH Y, [ox]iE
H(2.16) L v EDbEND.

0 -0 o
[ox]=| -0, 0 -0 (2.16)
-0, o, 0

SEB) T ORBER ZHEE T 5 720 OIAILIREE HFERUT, M3 7 & B8 q = [geqy
Q" ~DZEHAD (K(2.17), BEAEENST—L - By F o T—HOMSE~D LK,
© (32.18) ZHWTHR L, HEBERLFERT, REB)ZHOTHERTS. HEL-
FERIARBE RS, B A (2.19), (2.20)127”T.

(2.17)
13
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9=""0—"R", '@

1+1

i N i i i
l//i+1 O sin ¢i+1 Sec 0i+1 Cos ¢i+l SEc 0i+1 qx

| i - (2.18)
_9i+1 =0 _COS §0i+l_ __Sln ¢i+_l qy
I¢i+1 1 Sin|(0i+1 ta‘nleiJrl Cosl¢i+1 tanlgnl qz
(2.19)
Xeq = F (%) + W,
i¢i+l
Xt = i6i+l
il//iJrl
g, - Ts+sin'g,,; tan'é,,,q, - Ts+cos'g,, tan'6,q, - Ts
F(x,) = cos'p,,,0, - Ts—sin'gp,,,q, - Ts
Sini(DH—l Seci9i+lqy 'TS+COSi¢i+l SECi9i+qu 'TS
(2.20)
Yi = H (Xt) +V;
L iR (i+1A il )
Yi = P ACt H (Xt) = i P '
i+1 i+1 1 ipT (i i
1+ Ap _H— . IRi+1(IAp+IACt)

T, TSI U AT .

L L IR RIE TR, e BN TR UITHE R Vv~ T g V2 2 L, m—

Ve BT - I—AEHET D, LoL, AR CHE L IEREEII R0 v 27 A
THIHX) (2, MEEE Y OMANEENTND Z s, FERIEENEL, W%
FAWTE BRI Z L CWAIEIE L~ 7 4 A2 T, FENRR4 L 725 alfelk
NdD., £ZT, HEHIBEORN S AT MMIHIET 272D, Ty Ty K~ 7
AN BZTAITY RLAOREE EWHATY. Ty Ty Rhbwr 7 o uZiE, 7ok
YTy NEWAMHT 2 Z L1280, IERIRIRES RN, IERERIR R E T — T — R
BROD 2 IRDIE £ CTIBIATREZR IR v~ o 7 4 V2 Th 0, IERRIEME DR R EE T FE K,
BUAGRRUZIBNTE, IEIAV~ 7 42 10 b ERERHEER R G T 5.

TrerTy RN T 4N B E2EMT D100y 7<RA 2 ME(2.21)~(2.23) &

0 FET 5.
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X=X (2.21)
xl.:)?-i-( n+lP) i=12,---,n (2.22)
xi:f—( n+4 PX)H1 i=n+ln+2,---,n (2.23)

ZIT, XIPREBEOFHME, MIT TR A NEeRETDHTODART—U T RT A —
2 THY, PATIRELSHATY P, O T =MA1T5ITH 5. AIFETIE, 1=10 &L, P I P,
MBIV AF—IEERWCTHEMN Lz, s, #ETRER (RBER) OMHHIL, H
222 FICCHEE L= #IHE 2 AW Ca(2.24) T L, RE2E3 8T8 0 0 E 13 (2.25),
(226) L vHEoN%.

xto = [i¢i+l igi+l ilr//i+1]T (2.24)
x, =E [xtoxtz ] (2.25)
B =E [{xte ~X, }{xto —X, }T] (2.26)

7B, EBTOERBEREHNT DODIEI N~ T 4 NE, T T y RV~

YIANETNAIY ANIBTDHTat R ) A X B A XOILGEITHI W, V,135(2.15),
RIB)BIVE Y /A XXM S, K(Q227),(228)H\\ 5. 728, wvidtrH /A

ZXOEH % L, w=[0.0010.0010.001]", v=7[0.0010.0010.001]" & L7=.

W, = diaglo?, 02,02} (2.27)

o, =lo,|+ ‘sin" .., tan’ Hiﬂab‘ + ‘COSi(le tan'd,o,

0, = ‘COSi(Di+16b‘ + ‘Sini%uac

sec'd,,,o.

i+l

o, = ‘sin"gol.+1 seci0i+lab‘ +‘cos’¢

15
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o, | = wvgﬂﬂ

V,, =diag {vf, V2,

Vi

v, =VR W+w

i+1

V3

2 2 2 2
V31V4,V5,V6}

Vy

v :VRTW+V
5 i+1

Ve

ST | - | - O ER R

— —

(2.28)

PLEXY, IEEI N~ T4 NE, Ty Ty KA T 4 VEEFANT, FAXHE

BROR—L Uy F - I—AERET D, ARICTHRELE, By Ta—Yay

D7 vy 7K %X 2.3

Angular velocity

I
‘o= [’wy ‘o, ’cu:]

IZRT.

i+ i+ i+ T
1lw:[1 1@\_”(0\ 1+lw:]

Acceleration

Sensor fusion

(Extended Kalman filter or Unscented Kalman filter)

r

I
ig i i i
Ap - [ Ay dpy ap:]

Compensation of centrifugal
and tangential accelerations

Fig. 2.3 Block diagram for the estimation of 3D posture
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2.3 EHiBIEER

231 EER¥EE

A THRE LT FIEOREZ 7T 7-Hlc, n—F ) —xzoa—X 2L, FiEtfs
BTNV E LIEERIEEN OGO D AE L ARG ELZ AW THEE LI BRG] & O AT
oz, FEBEERE LEHIY AT DO ANIE A2 K 2.4 123 ARLEEI, Ah)E D 2 3 E
Dz =—4 (Microtech Inc, MEH-60-360) Z#4#, L C&v, 3 H MBI B FHH A3 7]
BECThHDH. =ra—H T Uv A5 v #(Interface, LPC-631204)% FVC PC L8 L CTE
O, SR AT LEEBIL T =2 205752 &N TE 5. ERIEEICHIC AT 4%
o 4, FHUBAMAEA) 5 B L-t2ls, FEHHTr—A - By F « S—HOTITH
AT 5 Lo s, Gl AT AL a—EhboFEREFH Lz, ERIT, %
GNELDREAET HERNRE (2> 7 U — MEOEMN) 12T, WEMSEERREEL T
WRVVIREE &, WA 2SR AE L TV OIRRBIC TIT o 7. WENEEL X, FEBRIEE A S
HCRY, FEICRRAMTEEN T LICLVRESE. VAT LD T v
7 JEENT 100Hz TH Y, FHAIRRIZ 30 B TH 5.

Measurement system

Fig.2.4 Experimental setup and setting position of measurement systems
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232 REBRER (UEMEELZL)

SHHIEER D S5 SN RS RICHEE I L~ 7 4 VEZ(EKF), Tt Ty R~y
TANEUKRERAWEE oY s 72—V arEEAL, #ELERRE (m—1 - EvTF .
I—f) &, VxA kol hicX17), 18)EAWTHEH LS, n—% ) —=x
a—HZnnEbNTERE ZNEIX 2.5, 26 107 F. n—F ) —x o a—Z DR
EFEMEEL, BV 7a—VarEHOTHELEZER, Yy ok bEHLE
iR & O ZFPERRAE LR 2.1 1TRT.

VyArbErpbEH L — s By F - I =M, U T MK OBRENESHE
FIZE o TEBL TN D728, fRZAENKR RIS & LI RE SR TWDNR, LRIV~
TuNE, TroerTy R~y 7420 lifi iz, R 7 MILHR
EEMIE LTSRN ESNT. LU, VEEINL~ L 7 4 N Z BN THE L7 e —/L 14,
vy FHORER (X 25@), () O—EHIZBNT, Tra—FOfiREDEAENRKEL 2o
TWo., —F, ToeryTy RO~ r7 0 v 2A0iziER (K2.6(@), (b)) 1%, Bll5
BROIFFEEICRHE L TWD Z D, JEEIL~ 7 4 V2 EHOVTRERLY b=
a—FDORERE B LTEREENE LN, CREHBEEOR R 2D)ICERT AL, n—
e BT« A—AT RTOBERIZBNT, Tobvr Ty R~ 7 00 Z2 RNk
B, WEIL~ T AN BERAWERERL D bEBERERE2R LT,

Table 2.1 Root mean square error [deg]

Roll angle Pitch angle Yaw angle
Gyro sensor 7.82 7.29 13.79
Proposed method
3.22 4.18 1.81
(EKF)
Proposed method
2.55 1.68 1.45
(UKF)
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180 - T
| Proposed method (EKF)
100L — — Gyro sensor i
===—Encoder

Angle[deg]
% I

-100+ .
180! . . .
0 10 20 25
Tme[sec]
() Roll angle
180 : |
| Proposed method (EKF)
100L — — Gyro sensor i
—_ —=—Encoder
=0
O
=
o 0L ]
'c_p Jui—
F v b
-100+ .
180! . . .
0 10 20 25
Tme[sec]
(b) Pitch angle
180 ; I ;
I Proposed method (EKF
= = Gyro sensor
100} —.—Encoder 7

Angle[deg]
=

-100

-180! . |
0

Time[sec]

(c) Yaw angle

Fig. 2.5 3D posture (No translational acceleration)

(Proposed method (EKF), Gyro sensor and Encoder)
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180 ; I :
I Proposed method (UKF)
= =—Gyro sensor
100F —.—Encoder 7
)
O
=
©
<
-100+ .
180! . I . .
0 10 20 25
Tme[sec]
() Roll angle
180 ; I :
I Proposed method (UKF)
= =—Gyro sensor
100F —.—Encoder 7
)
O
=
a *
-100+ .
180! . I . .
0 10 20 25
Tme[sec]
(b) Pitch angle
180 ; I :
I Proposed method (UKF)
= =—Gyro sensor
100F —.—Encoder 7

Angle[deg]
=]

-100

-180! . I | |
0

Tme[sec]

(c) Yaw angle

Fig. 2.6 3D posture (No translational acceleration)

(Proposed method (UKF), Gyro sensor and Encoder)
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233 EERER (TEMEEHY) RUEEBKR

ARFEDPWHENNEE I L D8 LIS ELIZ LD BIKHE L T D Z L amRmT 720
M EENER B FE AR T Téaﬂ%;@%ﬁ%m %EL@%E#%EWE‘EF‘ T T2 Tz, IE@JJ[IL
FE (EDMEEZFRE LY 7 B2 IEE R ) 2K 2.7 12RT. 564
RGBSR FE (TrtEr Ty R~y 7 4 VX2 BER) &7 L 5 HiEO
ZWEA L, FoNERERORREZN 2.8 1ITRT.

FATHRFRIC K 2 761, &0 » B LR oy O STk IG LTS 2%, WEENE Rl
SIS LTWRW, 207, EHMEELAZHAWCTRY 7 M2k :%%ﬁmbfw
HEYFMLEI—MITIIREBRBRENBELTEBY, BHEEZHWTRI 7 ML 5REL
MELTWDr— LRI\ TlE, BAREIC %b\f%éﬁ‘éw%ﬂﬁ@%ﬁ%ﬂ X
ZENFEL TS,

ARFEL, WEMREIC LD EEL T, ikt 2T RNZ LD,
ENELIZ X A ELZ T 20, a—L - By T - I—ATXTUWIBWTRY 7 MZ Xk
DIRAEEMEL, = a—Znb0AE LT - LEERNGONC., KFEIZL D5
RExra—XORER LD VLR 7}5:1 o — L4 : 2.14[deg], t >~ F 4 : 2.19[deg], =
—f4 : 2.24[deg] ThH v, WHEMHEEE L O5GE L IZZFREORELHS TS, LLEXD,
AFFEZWEMBEE T E L TV DHEIZEBNTH R 7 ML BEEAMIE LT 3 Kot
REHEENFHETH B

15
10

2

Acceleration|m/s”]
(=)

.:l ‘.‘1'.4.'.'.!,%:, | ,HH'H

"'-"f(]"f (it "r ?

13 | 10 ' 20 25
Time[sec]

Fig.2.7 Translational accelerations generated during the experiment
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180 ' | ;
- Proposed method (UKF
- =~ ~Previous method
100} —- —Encoder -

-180[ : . : '
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Time[sec]
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180 : ' ' '
I Proposed method (UKF
----Previous method
100+ —-—Encoder |

-180[ : . : '
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Time[sec]
(b) Pitch angle
180 ' ! :
I Proposed method (UKF
----Previous method
100} —-—Encoder \ |
= &
]
=
0]
B 0
<
-100
-180[ : . : :
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(c) Yaw angle

Fig.2.8 3D posture (With translational acceleration)

(Proposed method(UKF), Previous method and Encoder)
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24 $EE

ARWFFETIE, 1B 2 O THRTEERICB T 5 3 R EBIEREHET 270D
BFLWHEEZERE L. AFEORBEEZMRIET 572012, vn—F Y —x2ra—F 2K
AR L, 3T BBGHNZ WHE & 3 5 FBREE 2 W MGEER AT, v A mkEr o
RU 7 MCEBEEEMIE LM EZE-. 7ok Ty R~ r 7 0 v Z 2 Anidy
B, SRRV~ T g v E ERWTEHEL D bERBERSREHEE L. £z, dFEm
W, BGANELOF AT HREICH T 23HIEREZ TV, AFIEIC X D8ERIE, s
FE, RGN X DB A 2T, U7 ML ARAEEZMELMREZHET 2 2 &0
T/ PbXy, RBFEICEWTIRE L HEOR LR LT,

AKFEL, HERE P EHON TN, ST T ORBENMETT 5 RBNED
B TN NN EE N I A 2 ERREREE FICB W THEATEX 5. - T, BEICALAS
N WEKEEFHAN AEETH Y, AR—Y HCERDHE~OISHANYHTX 5.
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FIE

BEE Y ZEZAVERBEERAF—V—0 3 Rt
ZEETH

The purpose of this study is to propose the motion measurement method of skiing
turn using inertial sensor. This method calculates the joint angle of the skier gliding on
the actual snow field using the information from the inertial sensor units. The sensor
fusion estimates the 3D posture (Roll-Pitch-Yaw angles) of local coordinate system
compensated drift error of gyro sensor output using acceleration sensor output. The
unscented Kalman filter is used to apply the sensor fusion. The joint angle is calculated
by applying inverse kinematics to the 3D posture.

In this study, the measurement experiment was conducted by the skier gliding on the
actual snow field. The inertial sensor units were attached to body segments of skier. We
obtained the joint angle of skier (Lumber, hip, knee and ankle). The results of motion
analysis represented the major features of skiing turn, and the effectiveness of our
proposed method was indicated.
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3.1 EHE

AFx—F, LF2RRTLAR—YTHY, EXEHELRENVI L6, HFxroiFiz
B HHEVD RIFOITND. AF— X —L DA H =R LERAT 57200 L LT,
2x—uRy b, =27 AOREISOMENMTORATOE, BRORE S8
RIZBILOMAETH L0, EEOEmEZBET HAXF—Y—IC LD — OEEFHI,
fRNT AT O MERDHD. LI L, FHE2EETHET D AF—Y—OEHZILZ 5121,
T FHRE P 2 R 2 M ERNH H 720, FICAR—=Y OEFHFHICHN G TWD, &
WEES A T & V- DLT QOB LV, EBEICB T3 2% — « ¥ — L OB EH
BT ARIgEL LTI, AR —Y—HfEFEER 0RO Doz v o0 7 &, HR o
® s PITOILTNEDR, AF— -« X—2DAH = RALEMRAT 57201001, Ax—F—
DL AEENGHH], TR UERARTHD.

EEEOBm A EAET 2 A% — v —OEEFHNICET 2478 & LT, 3 kKA EE
Y& O EBEHIVEOR R R EN TV DA, 3R CHMEANIE o+ 2 AV R, &
IR ORI EZFHT 22 ENTEE0, BEETHY, AFXF—F—IZHEEZHRND
HEEENDR S D, Vv A ut o E2MNEFIEOL, B BB T 7 SR O 4
FEEFHAITHZENTE, BEOHEEZIT) ZE TAX—TV—DIFET + — L& 57
DICHERBESAERGOLND. L, VyA e bOHNIZiERY 7 Mok b
NEENTEY, BOERICE > CTRRENERL, REORBICHEOBEMETTS. K
U7 ML BEERHET A0, BT - MR V28 Lz 2h s 27 A
INHBLNAERICESY - Ta—Ta v EEAL, FU 7 MCXEEEMIE LB
A EEOHEEWIRITON TV D, ZOHETIE, MEEL Yol & BN L LT
HAnasZlicky, RUZ7 MIEDBEZMEL TWD, IEEE 23T 58
IEERFAEZE D, B OIE, 2 DO AT LA OERZ WV CEIRINEEE O 22 % (K
BWEws HEQREEL TSR, SELAF—BECBO T IFOAMERTE P,
FEPMME T T 2 AEEMER H 5.

PLEXD, F2ETHE L FIEEAX— « X — U OEBET~EHL, A% —Y—0D3
WL KGR ZFHT 5. ARIFEIL, WENMEENRRKRZWEAICS 3 T REIE R & HEE
HRETH 22 LMD, TNETIHEHTE R o mla ¥ — o OEBEHI~EHE L, fif
HrE DA M Z =T
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3.2. FHEIVAT A

AR THNWDEHI AT A% K 3.1 1Z7-T. RKHUIC AT AT L #Y v A ok
(Analog Devices, ADIS16110), 3 #ifi/il# i & o ¥ (Hitachi metals, H30CD) Z#4#; L T\ 5. ¥
YAt L 3 REREESNTEY, ARFHUT AT A% 3 B M, s %5
HARECTH D, FHMPLZE#IE, PIC ~( 7 o=y hr—F(PICI6F88) IC L WULEL, o
U7 NVEEIZE 5 TPC ~EDbID. FHllY AT ADORE % 65x45%x25mm, #H X% 659 T
HD. Fiz, K AT 2OV 7Y v T TEEEIE 100HZ TH S.

Gyro sensor | | 3-axis accelerometer

45mm

25mm

65mm

Microcontroller

Fig.3.1 Measurement system
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3.3 REHTEE

AT, & 2 BICTHELE, VxArntr YO RY 7 MIXBRELZIEE R
B O AENNEFE & H AN EE 2 T 3 ROCHITHE L, AR R O RS (v —L -
VyFa—fA) ZHETLHELVY - Ta—VarErEHATAS =L BT - I—HA
%, z -y oy BIONEIC A2 ST O L ERTD. B 72— 3 I,
TrokrTy R~ 74 EZWERNG. Ty Ty R~ T 4 VEE,
<7 g ns CREFRA, B RADIERIEDLE I W T hiEH rTee /e L
YT A4NE) O—FETHY, TrerTy REMREZ W THEEO L 5BATH ZHEE T
HZEND, Wiy E RO TCIERIEREG RN, FEREEIRIT R A M sE i3 5 9k
BRI~ T 4V E 0 B EEE R RSS2 T 5N KB, K321TRT2
Vo7 ETNMCEITHAEE, MEEOBGREHWTHERL TEBY, KAFEICKIT SR
TEkeE R, FEREBLA R XNZ G, X2z nTIhuRT.

X =F(x)+w, 3.1)
v, =H(x,)+v, (3.2)
izHl iAp _iAct
x,=|'0., |y, =, .
t [ i+1 yt l+1Ap+l+1Act
lr//i+1

i L) i i i ini
u, +sin'g,, tan'd,,'u +cos'g,, tan'6, 'u,
_ i i - g i
F(x,)= COS @y Uy, =S @, U,
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3.4 EENEMTE
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Fig.3.4 3D rigid link model
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Table 3.1 Definition of joint for rigid link model

&, Lumber lateral fold to left (+)
to right (-)
Lumber extension (-)
& flexion (+)
v, Lumber left rotation (-)
right rotation (+)
o, Right hip adduction ~ (+)
abduction (-)
o, Right hip extension (-)
flexion (+)
v, Right hip internal rotation (-)
external rotation (+)
&, Left hip extension (-)
flexion (+)
o, Left hip adduction (-)
abduction (+)
7, Left hip internal rotation (-)
external rotation (+)
o, Right knee flexion (-)
extension (+)
Left knee flexion (-)
©s extension (+)
&, Right lower thigh pronation (+)
supination (-)
o, Right foot plantar flexion (-)
dorsal flexion (+)
Right foot varus (+)
'
valgus (-)
&, Left lower thigh pronation (-)
supination (+)
o, Left foot plantar flexion (-)
dorsal flexion (+)
Left foot varus (-)
¥
valgus (+)
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Fig.3.6 Experimental course
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Fig.3.7 Joint angle of lumber rotation (sensor fusion and gyro sensor)
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Fig.3.9 Hip joint angles
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Fig.3.10 Knee joint angles
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FA4E

Bt oY E=RB0N-h—E S8 —,
AEXYT 42003 —2DEENFERIEEN

The purpose of this study is the motion analysis of ski turns and the 3D posture
measurement of skier in gliding on the actual snow field. The measurement system
consists of the inertial sensor (the 3-axis gyro sensor and the 3-axis acceleration sensor)
and measures the 3-axis angular velocity and the 3-axis acceleration.

We established the motion measurement method that estimates the 3D posture
(Roll-Pitch-Yaw angles) in local coordinate system using the inertial sensor output. This
method can compensate the drift error of gyro sensor output and avoid the effect of
dynamic acceleration by applying the Unscented Kalman filter. Therefore, the method
can be used to measure the motion of skier gliding on the actual snow field at high
speed.

We conducted the measurement experiment of carving and skidding turns by the skier
gliding on the actual snow field. The measurement systems were attached to the body
segments (upper body, lumber, upper thighs and lower thighs) of skier and the ski boots.
The joint angles (lumber, hips, knees and ankles) of skier were calculated by applying
the 3D posture to the inverse kinematics. The results of measurement experiment
indicated quantitatively the joint angles of skier, and the analysis results represented the
major features of skier in carving and skidding turns.
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Fig.4.3 Block diagram for estimation of 3D posture
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Fig.4.4 3D rigid link model
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Table 4.1 Definition of joint for rigid link model

&, Lumber lateral fold to left (+)
to right (-)
Lumber extension (-)
o1 flexion (+)
v, Lumber left rotation (-)
right rotation (+)
&, Right hip adduction  (+)
abduction (-)
Right hip extension (-)
0,
flexion (+)
v, Right hip internal rotation (-)
external rotation (+)
&, Left hip extension (-)
flexion (+)
o, Left hip adduction (-)
abduction (+)
v, Left hip internal rotation (-)
external rotation (+)
o, Right knee flexion (-)
extension (+)
o, Left knee flexion (-)
extension (+)
&, Right lower thigh pronation (+)
supination (-)
o, Right foot plantar flexion (-)
dorsal flexion (+)
Right foot varus (+)
¥
valgus (-)
&, Left lower thigh pronation (-)
supination (+)
Left foot plantar flexion (-)
Or
dorsal flexion (+)
Left foot varus (-)
¥
valgus (+)
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The purpose of this study is the dynamic motion analysis of carving and skidding
turns by the measurement of skier gliding on the actual snow field. The measurement
system consists of the motion measurement systems installing the inertial and magnetic
field sensors and the measurement system of reaction force from snow surface installing
the 6-axis force sensor. The joint torque of skier is estimated by the information of the
measurement systems of motion and reaction force from snow surface. We conducted
the measurement experiment of carving and skidding turns by skier gliding on the actual
snow field. Then we analyzed the skier’s motion using the joint torque. The analysis
results indicated the usage for the forces of skier in turns. The proposed method and the
analysis results can be used to the detection of ideal turn methods and the evaluation of

skier’s skill.
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The purpose of this study is the estimation of lower limb muscle tension and the
motion analysis of skier gliding on the actual snow field. The lower limb muscle tension
Is estimated by the measurement information of motion and reaction force from snow
surface.

The motion measurement system that consists of the gyro sensor, the acceleration
sensor and the magnetic field sensor measures the 3-axis angular velocity, the 3-axis
acceleration and the 3-axis magnetic field. The measurement system of reaction force
from snow surface that consists of the 6-axis force sensor measures 3-axis force and
3-axis moment vectors from snow surface. The joint angles and joint torques are
calculated using the sensor fusion, the inverse kinematics and the inverse dynamics. The
lower limb muscle tension is estimated by applying the joint angle, the joint torque and
the body segment parameter to the 3D muscle-skeleton model.

The measurement experiment was conducted by the skier gliding on the actual snow
field. The motion measurement systems were attached to body segments of skier
(lumber, upper thighs and lower thighs) and ski boots. The measurement systems of
reaction force were installed to between boots and skis. The results of the motion
analysis by the lower limb muscle tension indicated the major muscle activities of the
skier gliding on the actual snow field. Therefore, the motion analysis method can be
used to development of training and injury prevention methods.
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Table 6.1 Definition of joint angle

- Right hip adduction (+) o Left knee flexion (-)
. abduction (-) ) extension (+)
o Right hip extension (-) - Right lower thigh pronation (+)
' flexion (+) ° supination (-)
v Right hip internal rotation (-) o Right foot plantar flexion (-)
' external rotation (+) ° dorsal flexion (+)
Left hip extension (-) Right foot varus (+)
D, ) ¥s
flexion (+) valgus (-)
o Left hip adduction (-) - Left lower thigh pronation (-)
? abduction (+) ° supination (+)
v Left hip internal rotation (-) o Left foot plantar flexion (-)
? external rotation (+) ° dorsal flexion (+)
Right knee flexion (-) Left foot varus (-)
@3 SUG
extension (+) valgus (+)
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Fig.6.12 Right hip joint torque
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Fig.6.13 Muscle tension (Gluteus medius muscle, demimembranosus muscle)
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Fig.6.14 Muscle tension (long head of biceps femoris, short head of biceps femoris)
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Fig.6.16 Muscle tension (Medial vastus muscle, lateral vastus muscle)
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